Detombe SA, Xiang FL, Dunmore-Buyze J, White JA, Feng Q, Drangova M. Rapid microcomputed tomography suggests cardiac enlargement occurs during conductance catheter measurements in mice. J Appl Physiol 113: 142-148, 2012. First published April 19, 2012 doi:10.1152/japplphysiol.00831.2011.-Conductance catheters (CC) represent an established method of determining cardiac function in mice; however, the potentially detrimental effects a catheter may have on the mouse heart have never been evaluated. The present study takes advantage of rapid three-dimensional (3D) microcomputed tomography (CT) to compare simultaneously acquired micro-CT and CC measurements of left ventricular (LV) volumes in healthy and infarcted mice and to determine changes in LV volume and function associated with CC insertion. LV volumes were measured in C57BL/6 mice (10 healthy, 10 infarcted, 2% isoflurane anesthesia) using a 1.4-Fr Millar CC. 3D micro-CT images of each mouse were acquired before CC insertion as well as during catheterization. Each CT scan produced high-resolution images throughout the entire cardiac cycle in Ͻ1 min, enabling accurate volume measurements as well as direct visualization of the CC within the LV. Bland-Altman analysis demonstrated that CC measurements underestimate volume compared with CT measurements in both healthy [bias of Ϫ18.4 and Ϫ28.9 l for end-systolic (ESV) and end-diastolic volume (EDV), respectively] and infarcted mice (ESV ϭ Ϫ51.6 l and EDV ϭ Ϫ71.7 l); underestimation was attributed to the off-center placement of the catheter. Individual evaluation of each heart revealed LV dilation following CC insertion in 40% of mice in each group. No change in ejection fraction was observed, suggesting the enlargement was caused by volume overload associated with disruption of the papillary muscles or chords. The enlargement witnessed was not significant; however, the results suggest the potential for CC insertion to detrimentally affect mouse myocardium, necessitating further investigation. ventricular volume; ventricular function; dilation; volume overload GENETICALLY MODIFIED MICE, such as transgenic and gene-targeted models, are used in cardiovascular research as a way to determine the molecular basis for cardiac dysfunction. The small size and rapid heart rate have necessitated the development of tools specifically designed to track and measure cardiac function on a small scale. One widely used technique involves the measurement of real-time pressure and volume changes in the left ventricle (LV) using a micropressure conductance catheter (CC) inserted into the heart. Baan et al. first presented a method for relating conductance to volume (2) using the equation V ϭ L 2 (G Ϫ Gp)/␣ where is the resistivity constant, L is the length between the electrodes, ␣ is Baan's constant, G is the total conductance measured, and G p is the parallel conductance of the surrounding tissue. This technique was first used in large animals (15, 22) and humans (14), but with the development of miniaturized micromanometers, it was translated for use in mice (3, 5, 11, 23) . The CC technique allows assessment of LV function by load-independent indexes [e.g., the slope of the end-systolic pressurevolume (PV) relation (9, 11)], which are more sensitive to small changes in dysfunction than load-dependent measurements such as ejection fraction (16). This increased sensitivity is especially important when detecting changes in contractility early in disease progression.
GENETICALLY MODIFIED MICE, such as transgenic and gene-targeted models, are used in cardiovascular research as a way to determine the molecular basis for cardiac dysfunction. The small size and rapid heart rate have necessitated the development of tools specifically designed to track and measure cardiac function on a small scale. One widely used technique involves the measurement of real-time pressure and volume changes in the left ventricle (LV) using a micropressure conductance catheter (CC) inserted into the heart. Baan et al. first presented a method for relating conductance to volume (2) using the equation V ϭ L 2 (G Ϫ Gp)/␣ where is the resistivity constant, L is the length between the electrodes, ␣ is Baan's constant, G is the total conductance measured, and G p is the parallel conductance of the surrounding tissue. This technique was first used in large animals (15, 22) and humans (14) , but with the development of miniaturized micromanometers, it was translated for use in mice (3, 5, 11, 23) . The CC technique allows assessment of LV function by load-independent indexes [e.g., the slope of the end-systolic pressurevolume (PV) relation (9, 11) ], which are more sensitive to small changes in dysfunction than load-dependent measurements such as ejection fraction (16) . This increased sensitivity is especially important when detecting changes in contractility early in disease progression.
Accurate PV relationships require an accurate absolute volume, but a number of recent studies comparing CC volumes with those derived from imaging methods have shown that catheter-based measurements tend to underestimate ventricular volumes in both healthy and diseased mice. These studies have compared CC volumes to volumes obtained from magnetic resonance imaging (13, 17, 26) or echocardiography (20) ; however, in most cases, the measurements were not performed simultaneously, with imaging occurring 1-2 days before the CC experiments. The differences between CC-derived volumes and imaging may be explained, in part, by differences in respiratory support (free breathing vs. intubated and ventilated) (26) or the residual functional depressive effects due to repeated anesthesia (26) . The most recent study, by Porterfield et al. (20) , compared CC-measured volumes to volumes determined from simultaneously acquired two-dimensional (2D) echocardiographic images (using the prolate ellipse method to estimate volume) and reported discrepancies between the imaging and CC volumes that were highly dependent on the position of the conductance catheter within the LV. Retrospective review of the data reported by Porterfield et al. also identifies a great variation in LV size between mice (enddiastolic volumes ranging between 22 and 55 l), which could be attributed to biological variability but may represent a previously unreported enlargement of the LV during the insertion of the CC.
The present study takes advantage of a micro-computed tomography (CT) technique, retrospectively gated cardiac micro-CT, which produces high-resolution, three-dimensional (3D) images of the mouse heart over the entire cardiac cycle in scan times of just under 1 min (6, 7). Using this imaging technique, we were able to compare simultaneously acquired micro-CT and CC measurements of LV volumes in healthy and infarcted mice and to determine changes in LV volume and function associated with the insertion of the catheter. For the first time, these simultaneous measurements have been made without the necessity to make any geometrical assumptions, often associated with 2D (e.g., 2D echocardiography) or thickslice 3D imaging (e.g., MRI).
MATERIALS AND METHODS
All studies performed were approved by the Animal Use Subcommittee of the University Council on Animal Care at our institution.
Experimental strategy. Twenty C57BL/6 male mice, weighing 27.5 Ϯ 4.5g, were split into two groups of 10 mice each. One group underwent ligation of the left coronary artery 4 wk before scanning (MI group); the other group was scanned without prior surgical intervention (healthy group). To determine the effects of catheterization on the mouse heart, each mouse was scanned three times using retrospectively gated micro-CT: 1) before catheterization, 2) with the catheter placed in the LV and acquired simultaneously with CC measurements, and 3) upon withdrawal of the catheter from the LV into the carotid artery. The final scan was performed to determine whether any effects of the catheter on the LV were reversed upon catheter withdrawal. Details regarding each step of the procedure are described below.
Induction of myocardial infarction. Surgery was performed as previously described (10) . Briefly, animals were anesthetized with an IP injection of ketamine (50 mg/kg) and xylazine (12.5 mg/kg) before intubation. Atropine (0.05 mg subcutaneous) was administered before surgery to decrease airway secretion and postoperative mortality. After mechanical ventilation was established, a left thoracotomy was performed, exposing the LV wall; the left coronary artery was ligated by positioning a suture between the pulmonary artery outflow tract and the left atrium. After surgery, mice were treated with an antibiotic agent (oxytetracycline, 200 mg/l) via drinking water for 3 days; an analgesic (0.03 mg/kg buprenorphine subcutaneous) was administered to relieve pain. Mice in this group were scanned 4 wk after ligation.
Animal preparation. Before scanning, mice were anesthetized with 2% isoflurane in O 2 and intubated. A breathing rate of 90 breaths/min was maintained throughout imaging and hemodynamic studies. A contrast agent (eXIA 160, Binitio Biomedical, Ottawa, Canada), containing 160 mg I/ml, was administered at a dose of 7.5 l/g body wt. The contrast agent was slowly injected via the left jugular vein over a 2-min period ϳ10 min before the first scan. Each animal was positioned supine, and three neonatal electrodes (2269T, 3M Health Care, St. Paul, MN) were placed on the animal's paws to record ECG. Physiological signals were recorded using a physiological monitoring and triggering system (BioVet; m2m Imaging, Newark, NJ). Temperature was maintained between 36 and 37°C during the entire experiment. Once the first scan was completed, the animal was catheterized (see below), and an additional 7.5 l/g body wt contrast agent was administered over a 2-min period before the remaining two scans.
Catheterization and hemodynamic measurements. Following the initial scan, the mice were catheterized using a micropressure conductance catheter (Millar Instruments, model SPR-839, 1.4 Fr). The right carotid artery was cannulated, and the catheter was inserted and advanced into the LV. Correct placement of the catheter was determined solely by the physiological PV loop in an effort to replicate a typical experimental environment (i.e., imaging was not used to provide additional guidance); final acceptance of the placement depended on loop appearance. The right jugular vein was also cannulated, and a 10-l bolus of 15% saline was injected to measure parallel conductance; this was performed before the second scan. Hemodynamic data [relative volume units (RVU), pressure, dP/dt] were recorded using a Power Lab analog-to-digital converter using Chart 5 software (ADInstruments, Colorado Springs, CO). A trigger signal, indicating the start of image acquisition, was also recorded to synchronize the hemodynamic measurements with the CT images; the second scan was acquired ϳ7-10 min after catheter insertion. The catheter was then withdrawn into the carotid artery (determined solely by hemodynamic feedback), and a third scan was acquired immediately after catheter withdrawal (Ͻ2 min). Following the final scan, blood was collected for volume calibration by using cuvettes of a known volume to determine the linear conductance-to-volume relationship; the blood was drawn directly from the heart using a syringe flushed with heparin. This was performed separately for each mouse due to possible variability caused by the presence of contrast agent in the blood. All hemodynamic parameters were collected and analyzed using PVAN software (Millar Instruments, Houston, TX), using the RVU method, which requires only a single measurement of parallel conductance and volume calibration using the cuvette method.
Retrospectively gated micro-CT. This method has been previously described and used to successfully evaluate cardiac function in both healthy and MI mice (6, 7) . Images were acquired using a volumetric cone-beam micro-CT scanner (Locus Ultra, General Electric Healthcare, London, ON, Canada) equipped with a flat-panel detector mounted on a slip-ring gantry, enabling continuous acquisition of X-ray projections. Projection images were acquired at 80 kVp and 50 mA. To enable retrospective gating, projections were acquired over 10 rotations (5 s/rotation, 416 projection images/rotation at a rate of 12 ms/projection) for a total scan time of 50 s. Using the technique described by Armitage et al. (1), the projection images were sorted based on the phase within the cardiac cycle during which they were acquired, enabling subsequent reconstruction of 3D images at 12-ms intervals. For this study, between 9 and 12 3D images were reconstructed per cardiac cycle, depending on the heart rate. All images were reconstructed with voxel spacing of 150 ϫ 150 ϫ 150 m (equivalent to 3.4 nl volume elements) (8) .
Image analysis. Image analysis was performed using MicroView software (version ABA 2.2, General Electric Healthcare). To calculate LV volume, a threshold level that separated the myocardium from the blood pool was identified automatically (18) ; this was done separately for each scan, since contrast level in the blood changed over the course of the study. As described in prior studies (6, 7) , automatic segmentation of the LV chamber from the myocardium was achieved using a region-growing approach. Chamber volume was calculated by multiplying the number of voxels defining the LV chamber [ranging between 7,500 (ESV) and 16,000 (EDV) in a healthy mouse] and the voxel volume (3.4 nl). LV volume was calculated for each image throughout the cardiac cycle, and the minimum and maximum were used as end-systolic volume (ESV) and end-diastolic volume (EDV), respectively. Knowledge of the ESV and EDV enabled stroke volume (SV), ejection fraction (EF), and cardiac output (CO) to be calculated.
Statistical analysis. Data are presented as means Ϯ SE; all analysis was performed using Prism 4 (GraphPad Software, San Diego, CA). Agreements between the CT and CC methods were evaluated using Bland-Altman analyses, linear regressions, and calculated correlation coefficients. Paired t-tests were performed to compare functional parameters between CT and CC measurements; unpaired t-tests were used to evaluate differences between the healthy and MI groups for both CT and CC. Differences between the three scans in the healthy and MI groups were compared using one-way ANOVA, followed by Tukey's post hoc tests to determine where significant differences occurred. Results were considered statistically significant at P Ͻ 0.05.
RESULTS
Successful imaging and hemodynamic studies were completed for all 10 of the healthy mice and 7 of MI group: one mouse was not successfully ligated, determined by a lack of infarct formation, and two did not survive catheterization. Verification of infarct formation was performed several ways: the hearts were removed and examined following blood col-lection, the infarcts were clearly visible on the micro-CT images as thin, distended portions at the apex of the LV, and the ejection fractions were calculated from the micro-CT images indicated decreased LV function.
CC volumes were consistently underestimated compared with CT volumes, and the underestimation increased in the MI group. Bland-Altman analyses demonstrate this, with biases in the healthy group of Ϫ18.4 Ϯ 6.5 l for ESV and Ϫ28.9 Ϯ 13.3 L for EDV (Fig. 1) , and in the MI group Ϫ51.6 Ϯ 31.5 l for ESV and Ϫ71.7 Ϯ 29.5 l for EDV (Fig. 2) . Linear regression results (Fig. 3 ) indicated a moderate correlation between the CT and CC values in the healthy group and a low correlation in the MI group. Table 1 lists the averages of all the physiological parameters measured by both CT and CC methods, with corresponding P values as determined by t-test analysis. An evaluation of differences in ESV, EDV, and EF between the healthy and MI groups indicated that both CT and CC measurement techniques identified significant changes between the groups. However, when measuring changes in SV and CO, CT results revealed no significant changes, whereas CC reported significant decreases in both SV and CO for the MI group compared with the healthy group.
The CT volumes measured before the insertion of the catheter (precath), during the CC measurements (cathscan), and following the withdrawal of the catheter (postcath) are plotted in Fig. 4 for each mouse completing the study. When changes in individual animals were tracked, 40% of the mice in each group displayed ventricle dilation following catheter insertion, demonstrated by an increased ESV and EDV in the affected mice (Fig. 4) ; in some cases, the volume was doubled between the precath image and the cathscan image, and remained increased even following catheter removal (postcath image). These changes are illustrated visually in a healthy mouse and an MI mouse in Figs. 5 and 6, respectively. Volume increases did not correspond to changes in EF, however.
The averaged values for the physiological parameters measured and the corresponding P values are listed in Table 2 . Differences between the precath and cathscan volumes were significant for the EDV of the MI group and approached significance for ESV for both healthy and MI groups. EF differences between the three scan times were not significantly different, except for the healthy group, which showed a decrease in EF during the postcath scan compared with the precath scan. Values are means Ϯ SE; numbers in brackets represent no. of animals. MI, myocardial infarction; ESV, end-systolic volume; EDV, end-diastolic volume; SV, stroke volume; EF, ejection fraction; CO, cardiac output; HR, heart rate; ϩdP/dtmax, maximal rate of LV pressure increase; ϪdP/dtmin, maximal rate of LV pressure decline. It is important to note that Figs. 5B and 6B represent the first 3D visualization of a conductance catheter within a healthy and infarcted mouse heart, respectively. The placement of the catheter, highlighted as a 3D isosurface overlaid on the micro-CT images and shown in blue, is clearly seen: in both cases, the catheter rests along the ventricular septum rather than in the optimal central position along the long axis. The positioning of the catheter along the septum was seen in all mice studied, with small differences corresponding to variations of cardiac anatomy and position within the thoracic cavity related to biological variability.
DISCUSSION
The present study represents the first time that CC-derived LV volume measurements have been compared with volume measurements acquired simultaneously using a 3D imaging technique (retrospectively gated micro-CT) in both healthy and MI mice. The use of micro-CT provided two important advantages over previous studies comparing catheter measurements to imaging-derived measurements: 1) a single 50-s scan provided 3D images of both end systole and end diastole and 2) calculation of the ventricular volumes could be made without making geometrical assumptions. The rapid scan time ensured that all CT and CC volume measurements could be made simultaneously over a very short time period, ensuring that variations in cardiac function over time did not affect the comparison of the measurement techniques; such variations are likely to occur during prolonged periods under anesthesia, C, F) . A 3D isosurface of the catheter was overlaid on the image (shown in blue). The infarct can be identified by the thinning wall in the apex of the heart. Note the volume increase between the first and second scans. especially when studying mouse models of heart failure. Since the 3D CT images were acquired with isotropic resolution (i.e., equal resolution in all three dimensions), no geometric assumptions were required; the volumes were measured directly from the 3D image, without the need to calculate ellipse approximations as required with 2D echo or to approximate apex volume, and account for large slice thicknesses or in-flow effects, as is often required with MRI. The 3D images also enable clear visualization of the entire catheter and its position within the LV: Figs. 5B and 6B represent the first time the catheter has been visualized in 3D within the ventricle of a healthy mouse and an MI mouse, respectively.
Overall, we demonstrated that CC volumes were significantly lower than CT volumes. The biases of the ESV and EDV were similar to those reported in a previous study, where the imaging and CC methods were performed simultaneously (20) , although the ESV bias in that study was lower (Ϫ7 vs. Ϫ18.4 l). The difference in measured bias at end systole can be partly explained by foreshortening of the LV long axis in the echocardiographic image, resulting in a lower echo-derived LV volume and therefore a lower bias. At end diastole, the effects of foreshortening would be reduced (due to the larger overall volume of the LV), explaining the equivalent bias (Ϫ29.1 vs. Ϫ28.9 l) measured by the echocardiographic and CT techniques.
The biases in the MI group were larger than in the healthy group, demonstrating that the measurement differences increased with larger volumes (Fig. 2 vs. Fig. 1 ), supporting the trends reported previously (26) . Correct positioning of the catheter within the LV is critical for correct volume measurements (20) , and yet visualization of the catheter in vivo (Fig.  5B and 6B ) demonstrated that it is often placed off-center and running along the septum. In this study, the catheter was maneuvered into position in the typical fashion by relying on PV loop feedback to indicate correct positioning, with no additional imaging feedback. The stiffness of the catheter tip, coupled with the off-center position of the aortic valve, is likely responsible for the inability to position the tip centrally within the LV. Accurate volume measurements also require that the distance between the sensor electrodes be closely matched to the length of the LV, which was not the case when the Millar catheter was used in the MI group, accounting for the increased negative bias in the measured volumes. Catheters with varying distances between the sensor electrodes could be manufactured for use with dilated hearts in an effort to reduce this negative bias. Additionally, by relying on PV loop feedback to position the catheter, there is the potential to position the catheter in the relatively well contracting basal area, further accentuating the volume underestimation of MI hearts. Ultimately, accurate absolute volumes measured by conductance catheter in individual animals can only be obtained after calibration with an independent imaging method; however, within-group comparisons may still be valuable if a highly reproducible catheter positioning technique is employed.
Correlation between CT and CC volumes was moderate in the healthy group and low in the MI group (Fig. 3) . Previous studies comparing CC measurements to MRI-acquired volumes (17, 26) reported higher correlations between the two techniques, even though the measurements were not performed simultaneously; in both cases, higher correlation was achieved because the CC-reported values were higher than those measured in our study. Since the parallel conductance and volume calibration techniques used were similar between this study and the MRI studies, we expect that the lower reported CC values are likely due to catheter positioning. Nieslen et al. (17) inserted the catheter through the apex of the ventricle, which, although necessitating a thoracotomy, facilitated the positioning of the catheter along the central axis of the ventricle. Winter et al. (26) , on the other hand, used a different mouse strain (NOD/scid). In our experience performing whole-body mouse scans, the hearts of different mouse strains tend to be positioned differently within the thorax, and positioning of a conductance catheter centrally within the LV may be facilitated by the heart shape and alignment with the carotid artery and aorta. Ultimately, the accuracy of catheter volumes is highly dependent on the position within the LV, and this must be taken into account in hemodynamic studies.
When differences between healthy and MI groups are compared, both CT and CC showed significant differences in ESV, EDV, and EF, but CC also showed significant differences in SV and CO, whereas CT measurements did not. Given the large underestimations reported in this study, it is unlikely that the CC-reported differences are reliable. In addition, the CT results are similar to previously published values (6) . Compensatory effects likely account for the unchanged SV and CO values measured in the MI group, despite the enlargement of the myocardium. In a previous study comparing differences between aortic banded and control mice using MRI and CC (13), CC differences were similar to our own, but MRI results showed significant increases in SV and CO, and no change in EF. This is contrary to the imaging results presented in our study and may be a result of the approximations associated with the MRI measurements, especially in the dilated hearts.
The pressure-volume conductance catheter methodology has numerous advantages for continuous real-time volume measurements coupled with simultaneous pressure measurements. Ideally, this enables the evaluation of PV loops during loading interventions, which results in the ability to analyze LV function in terms of systolic elastance and diastolic compliance. However, inaccurate volume readings lead to inaccurate measurements of LV function (20) . Therefore, obtaining accurate volume measurements is extremely important to take full advantage of the unique features of the conductance catheter. As has been discussed in detail previously (20) , volume measurements obtained using a conductance catheter rely on a constant parallel conductance and a constant alpha factor when, in fact, these variables change in a curvilinear pattern during the cardiac cycle. Although the use of constant factors does not appear to cause difficulties in larger animals, in mice the off-center placement of the catheter exaggerates the negative effects on volume measurements. Additionally, although the relationship between conductance and volume is approximately linear, absolute volume error increases quickly when correcting for the alpha factor. This results in either an overestimation or an underestimation of the final volume measurements, depending on how alpha was calculated (Baan's equation or cuvette calibration, respectively) (21) . Solutions have been proposed that continuously track the changes in parallel conductance during the cardiac cycle (24) , as well as using a dynamic correction for alpha (25) , giving a volume measurement that is less dependent on catheter positioning in the LV. Although this earlier work has shown excellent agreement between catheter measurements of volume made using Wei's technique compared with 2D echocardiographic measurements (20) , further verification, similar to the micro-CT experiments described in this study, which are not operator dependent, would be beneficial in ultimately verifying this newly available technology.
The rapid retrospectively gated micro-CT technique also enabled the evaluation of the effect of catheterization on the mouse heart. Earlier studies (e.g., Ref. 20) have presented results suggesting that LV enlargement may be occurring upon the insertion of the catheter (30 -40% of the mice in Fig. 4 in Ref. 20 have noticeably larger LV volumes). Although the averaged group results (presented in Table 2 ) show significant increase only in EDV in the MI group, trends toward significant differences are seen in ESV for both healthy and MI mice. More importantly, the results for individual mice, reporting LV sizes before and during CC insertion (Fig. 4) , demonstrate dramatic increases in LV size (diastolic and systolic) in ϳ40% of the mice in each of the two groups; in some cases, LV volumes more than double after CC insertion. In these mice, the increase in volume did not reverse with withdrawal of the catheter. Since a drop in EF was not associated with this myocardial dilation (Fig. 4) , volume overload rather than an ischemic event is presented as a possible explanation for the LV enlargement. In some images (e.g., Fig. 5 ), left atrial enlargement was observed together with the LV enlargement, suggesting that the overload may be due to mitral insufficiency. Given the large size (0.46 mm) and stiffness of the catheter, it is highly probable that catheterization through the aortic valve may occasionally damage the papillary muscle or chordae tendinae on the septal side, preventing complete mitral valve closure. Although the administration of incremental volumes of contrast agent or the injection of saline also may be considered as possible causes for the increase in LV volume, the fact that we did not observe a transitory increase in LV enddiastolic pressure (that would be expected to accompany LV dilation) suggests that the addition of contrast agent or saline did not contribute to the LV dilation observed. Additionally, evaluation of the RVU values before and after injection of the two solutions demonstrated an insignificant change in the raw volume measurements recorded by the catheter, which further suggests it is unlikely the injected solutions caused the hypertrophy witnessed. For example, in the mouse presenting the most dramatic LV enlargement, the mean RVU before the injections was 18.6 and following the injections was 19.9.
Anesthetic administration can also have an effect on the cardiovascular system; although induction was performed at the onset of the experiment and was not altered throughout, and the LV volume increased upon catheter insertion, a cumulative influence of anesthesia exposure cannot be excluded using the experimental design outlined in this study. However, the influence of the isoflurane would be expected to be that of myocardial depression (4) , and the findings observed were that of a preservation of contractile function. Therefore, it is unlikely that the anesthetic was a contributory factor in the LV dilation.
Our results (Table 2 ) also report significant differences in CO and HR of the MI group, and in EF in the healthy group, between the precath, cathscan, and postcath time points. These differences are attributed to accelerated heart failure during the postcath scan, a result of catheter removal from the LV, and not an indication of the catheter's effect during hemodynamic data collection.
Since a number of earlier studies have reported on the differences in volume measurement between image-derived and CC measurements, the most significant result presented in this study is the previously unacknowledged enlargement of the LV that occurs in a large fraction of mice upon the insertion of a stiff conductance catheter. Although in this particular study the group average results did not reach statistical significance, the possibility that a large fraction of catheterized hearts may become dilated suggests that further evaluation of the effects of catheters on the myocardium is warranted. Variability of mouse anatomy and surgical technique may contribute dramatically to the possibility that LV enlargement will occur and may ultimately affect important preclinical results. The exact mechanism leading to LV dilation needs to be determined, perhaps using Doppler ultrasound to confirm the possible presence of mitral regurgitation. Additional information regarding the nature of the catheter's effect on the mouse heart should aid in further optimization of the technique, leading to a reliable method of ascertaining cardiac function in mice.
Limitations
Volume measurements acquired with a conductance catheter depend on blood conductivity, and any solution injected that alters that conductivity and is not accounted for may result in an inaccurate volume measurement. Two solutions (contrast agent and hypertonic saline) were injected during this study, resulting in a potential to cause inaccurate readings. The hypertonic saline has a higher conductivity than blood plasma, and if it was administered just before blood collection, it may cause a problem. However, in this study, the saline was injected ϳ10 min before measurement acquisition: we waited until the volume signal had returned to baseline before proceeding with the experiment; therefore, it is highly unlikely the saline injection caused the volume underestimations. The contrast agent was specifically designed to remain in the bloodstream for an extended period of time, thereby having the potential to alter blood conductivity. However, following injection, the volume measurements acquired were not significantly different from those measured before the injection, indicating that the conductance had not significantly changed. In addition, the volume measurements we report were in the same range as a number of other studies (12, 13, 17, 19, 20) that did not use a contrast agent. Therefore, it is highly unlikely the contrast agent contributed to the volume underestimation we witnessed.
The catheter was left in the heart during two scans, but we believe this had no impact on cardiac function, since catheters are routinely left in the ventricle during IV occlusions, which can last 15-30 min. Load-independent PV relationships were not acquired, resulting in an absence of information regarding myocardial contractility. However, the large volume underestimations recorded would have made any PV relationships unreliable (20) .
In conclusion, conductance catheters, although invasive, offer the potential to measure cardiac dysfunction in mice in a way not possible with imaging methodologies. However, the underestimated volumes measured, at times quite dramatic, have an impact on the sensitivity and accuracy of the data collected. The measured volume is highly reliant on catheter position, which in turn is affected by the method of insertion and the mouse model employed in the study. Catheterization led to LV enlargement in a large fraction of mice undergoing CC evaluation, which, although not significant at the 0.05 level, was potentially due to the catheter insertion combined with the mouse strain used. Such LV enlargement may affect many catheter-based studies that are performed "blindly," i.e., with no knowledge of the catheter position during measurement, and further studies are required to confirm the occurrence of LV enlargement. 
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